Within the framework of nonrelativistic QCD, we make a detailed discussion on the doubly heavy baryon production through the e + e − annihilation channel,
Theoretically, the production of the doubly heavy baryons Ξ QQ ′ has been analyzed in Refs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , where the symbol Q (′) stands for the heavy b or c quark accordingly. In particular, a computer program GENXICC for simulating the hadronic production of the Ξ cc , Ξ bc and Ξ bb has been completed and upgraded in Refs. [13, 14] , which is written in a PYTHIA-compatible format [16] . Throughout the paper, Ξ QQ ′ , corresponding to Ξ cc , Ξ bc or Ξ bb respectively, is a short notation for the baryon Ξ QQ ′ q with the light quark q equals to u or d or s respectively 1 . Experimentally, among the doubly heavy baryons, only Ξ cc has been observed by SELEX collaboration [17] [18] [19] . Neither Babar collaboration nor Belle collaboration have found the evidence for Ξ cc in related experiments [20, 21] , to say nothing of the Ξ bc and Ξ bb baryons. We hope the CERN large hadronic collider (LHC), due to its high collision energy and high luminosity, will change the present situation, and especially, improve our understanding on those baryons' hadronic production properties.
Comparing to the pp, ep and γγ collisions, a e + e − collider is helpful and has some advantages to perform precise measurements for certain processes. To seek the Ξ QQ ′ events at the LHC is feasible, but its hadronic background is much noisy in comparison to a e + e − collider. In the hadronic production, the baryons are produced through scattering or annihilating or fusion of two initial partons inside the incident hadrons. In addition to the dominant gluon-gluon fusion mechanism, one also needs to take the extrinsic or intrinsic heavy quark mechanisms into consideration, especially at the * wuxg@cqu.edu.cn 1 In the present paper, we will ignore the isospin-breaking effect, for instance, Ξcc denotes Ξ small p t regions [9, 10] . Hence, the hadronic production becomes much more complicated due to the introduction of non-perturbative parton distribution functions and intrinsic components of the hadron (even though they are universal). While at the e + e − collider, one only needs to consider the e + e − annihilation channel, e + e − → γ/Z 0 → Ξ QQ ′ +Q +Q ′ , which allows one to study Ξ QQ ′ baryon's own properties.
If the luminosity of a e + e − collider is L ∝ 10 34−36 cm −2 s −1 and its colliding energy is around the Z 0 -peak (it is called as a super Z factory [22] ), it will raise the production rate up to several orders in comparison to the previous LEP and Belle and Babar experiments. This increment has already been observed in the doubly heavy meson production due to the Z 0 -boson resonance effect [23] [24] [25] [26] [27] [28] [29] [30] [31] . It is thus natural to estimate that such a super Z-factory also opens new opportunities for studying the Ξ QQ ′ baryon properties, such as their spectroscopy, their inclusive and exclusive decays, and etc.. In the present paper, we will study the semi-inclusive production of doubly heavy baryon Ξ QQ ′ at the super Z-factory.
With the non-relativistic QCD (NRQCD) framework [32] , the production of Ξ QQ ′ baryon can be factorized into two steps: The first step is to produce two free heavy-quark pairs QQ and Q ′Q′ , which is perturbative QCD (pQCD) calculable. This is due to the fact that the intermediate γ, gluon or Z 0 should be hard enough to generate a heavy-quark pair. The second step is to make the two heavy quarks Q and
) spin state and in3 (or 6) color state accordingly; then it will be hadronized into Ξ QQ ′ baryon, whose probability is described by the NRQCD matrix element. More explicitly, the intermediate diquarks in Ξ cc and Ξ bb have two spin-and-color configurations [8, 9, 12] . We will show that this is also the case for the present considered e + e − annihilation channel, e + e − → γ/Z 0 → Ξ QQ ′ +Q +Q ′ , thus, one needs to take all these states into consideration for a sound estimation.
The remaining parts of the paper are organized as follows. In Sec.II, we present the detailed formulation for dealing with the process of e
In Sec.III, we give the numerical results and uncertainty discussion. Sec.IV is reserved for a summary. Fig.(1) . According to NRQCD factorization formulae [33] , its differential cross section can be written in the following factorization form: 
II. CALCULATION TECHNOLOGY

Typical Feynman diagrams for
where M is the hard scattering amplitude, means we need to average over the spin states of electron and positron and to sum over the color and spin of all final particles. The three-particle phase space is
The phase-space can be generated and integrated with the help of the FormCalc program [34] , or a combination of RAMBOS [35] and VEGAS [36] which can be found in generators GENXICC [13, 14] and BCVEGPY [37] .
The hard scattering amplitude M for the diquark production can be related with the familiar meson production through a proper correspondence.
The hard scattering amplitude M for the production channel, e
, can be written as :
where s i is the spin state of the outgoing (anti)quark, S is the spin state of the diquark, and M QQ ′ is the diquark mass. The parameters
κ are sequential interaction vertexes (the γ-matrix elements only) along the corresponding spinor lines, s f (k
is the fermion propagator in between the interaction vertexes. As a special case, when there is only one interaction vertex (ρ = 1 or κ = 1), there is no fermion propagator. B(S, s 1 , s 2 ; q 1 , M QQ ′ ) is the wavefunction of
Here, C is the color factor of the process, G is the gluon propagator, D is the photon or Z 0 propagator, and L rr ′ is the leptonic part which can be expressed as
in which r (′) stands for the spin state of the electron (positron), Γ = γ µ for γ-propagator and Γ = γ µ (
As a comparison, the hard scattering amplitude for the meson (Q ′Q )[n] production through the channel,
where M Q ′Q is the meson mass, B(S, s 1 , s 2 ; q 1 , M Q ′Q ) is the wavefunction of (Q ′Q )[n]-meson and C ′ is the color factor for the present case. Other parameters have the same meaning as above.
A comparison of Eq. (2) and Eq.(3) tells us that if we can transform the fermion line of the diquark-production case to an anti-fermion line of the meson-production case, then we can derive the diquark amplitude following the same way of meson production. More definitely, we need to deal with the following fermion line,
Setting T to be the operation of matrix transportation and C = −iγ 2 γ 0 to be the charge conjugation matrix, we obtain the following equations
Then, the fermion line a changes to
Thus, Eq.(2) can be transformed as
Comparing Eq. (3) with Eq.(4), one can, thus, follow the same procedures of meson production to finish the calculation.
By taking the Lorentz indexes and the color indexes explicitly, the hard scattering amplitude M in Eq. (4) can be rewritten as:
For the production through γ-propagator: the overall parameter κ=e Q (′) e 2 g 2 s C ij , where e Q (′) is the electric charge, in unit of e, of the quark Q (′) and C ij is the color factor with i and j the color indices of the outgoing antiquarks, the propagator D µν = −i k 2 g µν and the leptonic vector
For the production through
with Γ z the total decay width of Z 0 boson, and
The vectors A µ S (S = 1, · · · , 4) can be read from the Feynman diagrams in Fig.(1) . More explicitly, A µ S can be written as
and
where for convenience, we introduce a general interaction vertex Γ µ zQ (′) , the needed ones are
Here α = 1 and β = 0 for γ − Q (′) − Q (′) vertex, and α = 0 and β = 1 for
respectively. The momenta of the constituent quarks which forms the bound state are
where M QQ ′ = m Q + m Q ′ is implicitly adopted to ensure the gauge invariance of the hard scattering amplitude, and q is the relative momentum between the two constituent quarks inside the diquark. Due to the nonrelativistic approximation, q is small and neglected in the amplitude 2 . For the production of (cc)-and (bb)-diquarks, we only need to calculate A µ 1 and A µ 2 ; but need to time the squared amplitude for (cc)-and (bb)-diquark by an overall factor (2 2 /2!) = 2, where the 1/2! factor is due to the symmetry of the diquark wavefunction. While for the case of (bc)-diquark production, we need to calculate
, under the non-relativistic approximation, takes the following form [33] :
where ǫ(q 1 ) is the polarization vector for spin-triplet state. Here the projector Π 1 is for the case of spin-triplet [ 3 S 1 ], which corresponds to ξ 1 = 0 and ξ 2 = 1, and the projector Π 0 is for the case of spin-singlet [ 1 S 0 ], which corresponds to ξ 1 = 1 and ξ 2 = 0.
B. The color factor Cij
Because of the fact that 3 3 =3 6 in SU C (3) color group, the (QQ ′ )-diquark can be either in anti-triplet3 or in sextuplet 6 color state. According to Fig.(1) , the color factor C ij of the process is
where i, j, m, n = 1, 2, 3 are color indices of the two outgoing anti-quarksQ andQ ′ and the two constituent quarks Q and Q ′ of the diquark respectively, k is the color indices of the diquark (QQ ′ ), and the indices a = 1, · · · , 8 is the color index for the gluon, and the normalization constant N = 1/2. The function G mnk equals to the anti-symmetric function ε mjk and equals to the symmetric function f mjk accordingly: the anti-symmetric ε mjk satisfies
and the symmetric f mjk satisfies
Then, the square of C 2 ij equals to 4 3 for the color antitriplet diquark production, and 2 3 for the color sextuplet diquark production, respectively.
According to NRQCD, the Ξ QQ ′ can be expanded as a series of Fock states which are according to the relative velocity (v) of the constituent heavy quarks in the baryon rest frame :
where c i (i = 1, 2, · · ·) is a function of the small velocity v, where v is the relative velocity of the heavy quarks in the rest frame of the diquark. [8] has suggested that the baryon can be formed with the component |(QQ ′ )qg as well as the usual |(QQ ′ )q : One of the heavy quarks emits a gluon, which does not change the spin of the heavy quark, and this gluon splits into a qq, the light quarks can also emit gluons, then the component can be formed with the light quark q plus one gluon. Because a light quark can emit gluons easily, one can take the transition probability from these diquark states into the corresponding baryon to be at the same importance. Then, as a rough order estimation, one can take the transition probability from these diquark states into the corresponding baryon to be the same; i.e.
where h3 stands for the probability of transforming the color anti-triplet diquark into the baryon and h 6 stands for the probability of transforming the color sextuplet diquark into the baryon. These non-perturbative matrix elements can be determined from the potential model or from the non-perturbative methods such as QCD sum rules and lattice QCD. It is also noted in Ref. [8] that if the baryon is formed by the Fock state component |(QQ ′ )q only, the emitted gluon for the case of (QQ ′ ) in 1 S 0 spin-state, which will split into a qq-pair with q being combined by (QQ ′ ) to form the baryon, must change the spin of the heavy quark. Then, according to NRQCD [32] , one may conclude that h 6 must be v 2 -suppressed in comparison with h3. This provides the underlying reason why only h3 has been taken into consideration for the doubly heavy baryon production, c.f. Refs. [1] [2] [3] [4] [5] . Fortunately, these matrix elements are overall parameters and their uncertainties can be conveniently discussed. We will adopt the approximation (13) throughout the paper 3 . Furthermore, the color-singlet nonperturbative matrix element O H (1S) in the factorization formulae (1) can be related to the Schrödinger wavefunctions at the origin
Since the spin-splitting effect is small, we do not distinguish the bound-state parameters for the spin-singlet and the spin-triplet states; i.e. those parameters, such as the constituent quark masses, the bound state mass, the wavefunction and etc, are taken to be the same for the spin-singlet and the spin-triplet states.
III. NUMERICAL RESULTS
When doing the numerical calculation, the input parameters are taken as the following values [9] :
Other input parameters are taken from the Particle Data Group [38] • When the e + e − collision energy is at the Z 0 -peak (E cm = √ S = m Z ), the production channel through a γ-propagator is much smaller than the case of a Z 0 -propagator; i.e. for the production through the same diquark state, its cross-section is always less than 10 −3 of the Z 0 -case.
• At the Z 0 -peak, the contribution from the diquark state n = [ To show how the total cross sections change with the variation of e + e − collision energy E cm = √ S, we present their cross sections versus the collision energy in Figs.(2,3,4) for the Ξ cc , Ξ bc and Ξ bb baryon production respectively. In small collision energy region (e.g. E cm < ∼ 50 GeV), we have The production cross section for the case of γ-propagator dominates at small E cm , there is a small peak at 10 ∼ 30 GeV, and then, it decreases slowly with the increment of E cm . The production cross section for the case of Z 0 -propagator is negligible at small E cm , but it arises logarithmically, and when E cm ∼ m Z , due to the Z 0 -resonance effect, it is about four-orders bigger than its value at E cm = 50 GeV and is about three-orders bigger than the total cross-section (summed up cross-section for both the γ-propagator and the Z 0 -propagator) in low region of E cm ∼ 10 − 30 GeV. This shows that a e + e − collider running around the Z 0 -peak will provide us a better chance for producing more doubly heavy baryons than the previous LEP, Babar and Belle platforms.
To be useful reference, we calculate the total cross section (summed up cross-section for both the γ-propagator and the Z 0 -propagator) by taking the collision energy E cm = (1 ± 3%)m Z and E cm = (1 ± 5%)m Z , which are shown by Table II . It shows that when the collision energy E cm is away from its center value of m Z , the total cross sections drops down quickly: a 5% deviation will lead to about one-order-lower cross section. Taking the production of Ξ cc [ 3 S 1 ]3 as an example, the total cross section for E cm = (1 ± 3%)m Z will be lowered to ∼ 18.0% 16.7% of its peak value; and the total cross section for E cm = (1 ± 5%)m Z will be lowered to ∼ 7.5% 6.7% of its peak value.
Considering the super Z-factory which is running around the mass of Z 0 -boson and with a high luminosity L ∝ 10 34 cm −2 s −1 , the number of Ξ QQ ′ (Q, Q ′ = c, b) events per year can be estimated 4 :
• • About 10 4 −10 5 -order events per year shows clearly that sizable events of Ξ cc , Ξ bc , and even Ξ bb can be produced at the future super Z-factory. If its luminosity can be increased up to L ∝ 10 36 cm −2 s −1 , the event numbers will be further increased by two orders. Thus, even if we have a slight deviation of E cm from m Z , e.g. up to 5%-departure, there is still sizable events. Tables III and IV , which are more sensitive to m c than those of m b . Here we only consider the cross sections for the channels through Z 0 -propagator, since the channels through γ-propagator is small and negligible as shown by √ S = 0.95m Z or 1.05m Z , the total production cross section will be lowered by about one order of magnitude from its peak value. However, one may still observe sizable events. At the hadronic colliders, there is much pollution from the hadronic background and many produced baryon events shall be cut off by the trigging condition. So, some alternative measurements would be helpful for a comprehensive study. In addition to the hadronic collider LHC, the super Z-factory will provide another good platform for studying the Ξ QQ ′ baryon properties.
As a final remark, if not too much baryon events are cut off by the trigging condition at the super Z-factory, one may have the chance to further distinguish the baryons with different light quark content. When an intermediate diquark is formed, it will grab a light quark (with gluons if necessary) from the 'environment' to form a colorless doubly heavy baryon with a relative possibility for various light quarks as u : d : s ≃ 1 : 1 : 0.3 [16] . For example, if the diquark (cc)[ 3 S 1 ]3 is produced, then it will fragment into Ξ ++ cc with 43% probability, Ξ + cc with 43% probability and Ω + cc with 14% probability accordingly. The condition is the same for the production of Ξ 
